cavitation conditions can be obtained: pressure can be lowered down to 150 mbar, and the flow velocity can be increased up to 10 m/s.
In the same time, a numerical model was developed in the Turbomachinery and Cavitation team of LEGI (Grenoble, France). The final objective is to provide assistance to the design and prevision of operating range of rocket engine turbopumps, taking into account the steady state and unsteady effects of cavitation. [Delannoy and Kueny 1990 , Reboud et al. 1998 , Coutier-Delgosha et al. 2003a ]. The numerical model solves the RANS equations associated with a single fluid approach of the cavitation. In this model, the cavitation structures are considered as a homogeneous liquid-vapor mixture, with a no-slip condition between the two phases. The mixture density ρ varies in the flow field between the pure vapor density and the pure liquid one, according to a barotropic state law ρ(P) characterized by a sharp variation of the density in the vicinity of the vapor pressure. Density evolution is thus directly governed by the static pressure variations. The numerical resolution is based on the finite volume technique, and the resolution algorithm is adapted from the SIMPLE method. It was first applied to cavitating flows in Venturi type ducts. The model was found able to simulate various cases of stable or self-oscillation behaviors of cavitation sheets, and a good agreement with experimental observations was obtained [Reboud et al., 1998; Coutier-Delgosha et al., 2003a, b] .
INTRODUCTION
Cavitation occurring in pumps or naval propellers leads to important difficulties in both design and maintenance operations. As a matter of fact, cavitation is associated with performance decrease, blade erosion, vibrations that may lead to damage, and noise due to vapor collapse close to the solid walls. In the rocket engine turbopump inducers for example, axial and radial forces resulting of the presence of vapor are responsible for problematic perturbations of the rotor balance [Goirand et al 1992] . Therefore the understanding of the mechanisms that govern the flow vaporisation and condensation is of first importance to reduce or at least to control these effects. The Cavitation team of ENSTA (Palaiseau, France) carries out experimental investigations of cavitation mechanisms for more than 10 years in collaboration with the French space agency CNES [Pham et al., 1999] . Experiments are conducted in the ENSTA cavitation tunnel in simplified two-dimensional geometries representative of the real three-dimensional flows in inducers or propellers. Various
The present paper focuses on the study of the cavitating flow field occurring on the suction side of a 2D hydrofoil positioned with a 5° angle of attack. In such configuration a sheet of cavitation appears at the foil leading edge (figure 1) and adopts a more or less pronounced unsteady behavior: in low cavitating conditions (i.e. quite high inlet pressure) only small fluctuations are observed inside the liquid/vapor mixture, without any global movement. When the pressure is decreased, a self-oscillatory periodical behavior of the whole sheet of cavitation is obtained, with large length fluctuations and vapor cloud shedding. Figure 1 . Sheet of cavitation on the foil suction side Such unstable behavior is studied both experimentally and numerically (sections 1 and 2) to show the capability of the model to simulate the mechanisms that govern the cavity selfoscillations. The quite low void ratio predicted by the simulations in all the sheet of cavitation suggests that the mixture is mainly composed of liquid, which is consistent with the measurements performed previously in Grenoble with optical probes [Stutz et Reboud, 1997] /2) cavitation number -
EXPERIMENTAL BEHAVIOR
The considered geometry is a two-dimensional foil of 150 mm chord and 80 mm span. Its cross section is composed of a flat upper surface and a convex lower surface of 195 mm radius, as illustrated by figure 2. Experiments were performed in the ENSTA cavitation tunnel whose test section is 150 mm height, 80 mm width, and 640 mm length. The foil was located at mid-height, with 5° angle of attack, so a cavitation sheet appears on the upper face, when the pressure is decreased in the tunnel. Compared with the Venturi configuration studied previously [Stutz et Reboud, 1997 , Coutier-Delgosha et al., 2003 , the cavitation behavior is modified by the possible interaction between foil pressure and suction sides. For an inlet velocity equal to 6.8 m/s and a cavitation parameter σ = 1.65, a cavitation sheet is obtained on the upper surface. Its mean length is about 60 ± 5 mm, but its behavior is unsteady: the whole cavity fluctuates almost periodically, with large vapor cloud shedding in the rear part of the foil. Figure 3 shows the mean cavitation sheet: its shape is obtained on the basis of hundred pictures randomly taken and then averaged. It is worth noting that the length of this mean cavity (about 90 mm) includes the vapor cloud in the rear part of the cavity. So it is notably higher than the 60 mm reported previously, which correspond to the mean length of the attached part of the cavity. The cavity oscillation frequency, measured from the cavitation noise with a hydrophone, equals 33 ± 3 Hz. It was reported in previous studies [Pham et al 1999] that in this configuration the vapor shedding is directly driven by the re-entrant jet that periodically flows under the cavity towards the leading edge. This phenomenon leads to the cavity split and the separation of its rear part, which is then convected by the main flow downstream.
NUMERICAL SIMULATION

Physical and numerical model
Calculations are performed to simulate the cavitating behavior of the foil in the previous configuration. The physical model is based on a single fluid approach: it means that the liquid/vapor mixture is considered as a homogenous medium whose local density is strongly modified in case of vaporisation or condensation. Density variations are controlled with a barotropic state law (figure 4) that links them directly to the pressure field evolution. The state law is mainly composed of three parts:
-For a pressure much higher than the vapor pressure P vap (on the right of Figure 2 ), the flow is composed of pure liquid and the Tait state law [Knapp, 1970] is applied.
-For a pressure much lower than P vap , (on the left of the Figure 2 ), the fluid is locally completely vaporized and the density is governed by the perfect gas law.
-These two low compressible configurations are joined in the vapor pressure neighbourhood by the central part of the chart, whose high slope models the high compressibility of the liquid/vapor mixture. As a matter of fact, the general shape of this part of the chart has only a little influence on the results: only the value of the minimum celerity of sound C min (i.e. the maximum slope) is relevant. This parameter is thus derived from the estimated value of the celerity of sound in a cavitating area, i.e. about a few meters per second [Jakobsen, 1964] . This consistency with the physical properties of the flow is a major advantage of the model. C min = 1.5 m/s was adopted in This physical approach is associated with a pressure correction algorithm of resolution. It is based on a SIMPLE method modified to take into account the high compressibility of the cavitating flow. An implicit discretization is used with a first order time resolution and a HLPA second order spatial scheme initially proposed by [Zhu, 1991] The classical boundary conditions for incompressible flows are applied: imposed inlet velocity, and fixed outlet pressure.
The numerical process to obtain cavitating conditions is based on the experimental procedure. A first stationary time step is first computed with a high pressure level at the domain outlet, to avoid any flow vaporization. Then, the outlet pressure is decreased slowly during the first hundred time steps, from initial non-cavitating conditions down to reach the desired value of the cavitation number σ. 
Results
The results of the computation are in reliable agreement with experiments: the sheet of cavitation adopts a periodical self-oscillating behavior (figure 6) whose characteristic frequency is about 30/35 Hz. The mean length of the cavity can be estimated to 60 mm. These values are very close to the ones measured in experiments. Figure 7 presents the nine successive shapes of the sheet of cavitation obtained during a complete cavitation cycle. The shapes are obtained by phase averaging. The bottom part of each image corresponds to the numerical result, and the upper part to experiments. It can be observed that the time evolutions of the cavity shape are very similar in the two cases. The calculation correctly predicts the re-entrant jet flowing upstream close to the foil, as reported experimentally by [Pham et al., 1999] in the same configuration. On the contrary, a small sheet of cavitation is also obtained by the numerical model on the foil pressure side, which is not the case in experiments.
Nevertheless, such phenomenon is also observed in the cavitation tunnel for slightly different flow conditions (higher angle of attack for example). Low void ratios are predicted by the numerical model inside the liquid/vapor mixture: they almost never reach more than 50% (excepted at the very beginning of the cavity growing, close to the leading edge), and they can be estimated to 10 /20% in the main part of the sheet of cavitation (cf. figure  6 ). This result, which indicates that the mixture is mainly composed of liquid, is consistent with previous experimental studies performed at the LEGI laboratory in a Venturi type section [Stutz et Reboud 1997 , Coutier-Delgosha et al. 2002a ]. To confirm these values and improve the understanding of the mixture structure, a new experimental device is currently developed in the ENSTA cavitation tunnel: it consists in an endoscopic visualization of the interior of the cavity.
ENDOSCOPIC INVESTIGATION OF THE LIQUID/VAPOR MIXTURE
To improve the understanding of the cavitation morphology and evaluate the local void ratio inside the sheet of cavitation, an endoscopic device is developed at ENSTA for several years. The objective is to obtain pictures of the liquid/vapor structure, which is very difficult with the classical methods of visualization because of the cavity cloudiness.
The use of an endoscope partially removes this difficulty. The endoscope (200 mm long, diameter 2 mm) crosses both the cavitation tunnel and the foil, in order to be level with its upper side, under the sheet of cavitation ( figure 9 ). This way, the bottom of the cavity can be observed without disturbing its behavior. The endoscope stem under the foil is protected by a 1 2
Re-entrant jet tube that generates a cavitating wake. Actually, it does not perturb the cavity development on the foil suction side. By lighting the flow from behind with a stroboscope, the morphology of the two-phase mixture can be observed. Visualizations are performed using a CCD camera operating at a standard rate of 25 images per second. The stroboscopic light is used at the same frequency, with a flash duration of max. 30 µs to immobilize the flow on the pictures.
The incidence of the foil equals 2.5° in this configuration, with a 1% precision. The variation of the cavitation number results in a variation of the cavity length, which allows positioning the endoscope as well in the wake of the cavitation sheet as fully inside the liquid/vapor mixture.
The endoscope field is 50° large, with a distance of focus than can be tuned between 1 mm and infinity. The depth of focus varies in the same proportions than the distance of focus. So we consider that if the distance of focus equals 1 cm, the visualized domain is a cone whose summit is the end of the endoscope stem and basis is a 9 mm diameter disk. Figure 11 . Image obtained inside the mixture
On the pictures obtained in the cavity wake, bubbles of vapor are clearly visible inside a mainly liquid medium ( figure  10 ). On the contrary, images obtained inside the sheet of cavitation are often fuzzy, because of the vapor bubbles that flow very close to the endoscope and completely mask its field of vision (figure 11). Therefore, inside the cavity distinguishing vapor and liquid is quite difficult. An estimation of the void ratio in the wake of the sheet of cavitation can be performed by image processing [Devillers et Leriche, 2001 ]. Values around 7% were obtained. Nevertheless, it was also found that the determination of the endoscope volume of vision was rather uncertain, because of its high depth of focus and the global lighting with the stroboscopic lamp.
endoscope Recent developments have thus focused on the lighting: the stroboscope was replaced with a horizontal laser light sheet located just above the endoscope (figure 12). The objective is to obtain only the trail of the vapor bubbles in the light sheet, in order to calculate more precisely the local void ratio. Unfortunately the laser beam is too weak to reach the middle of the sheet of cavitation, so the images are correctly lighted only in the cavity wake, again. Therefore, a new device Copyright © 2003by ASME is currently developed in the ENSTA laboratory to obtain a stroboscopic light sheet.
CONCLUSION
The cavitating behavior of a two-dimensional foil has been studied both numerically and experimentally. Our attention has mainly focused on the unsteady periodical self-oscillation that affects the sheet of cavitation on the foil suction side. This phenomenon was correctly simulated by the numerical model, and the predicted frequencies of self-oscillation were compared to the ones measured in experiments for several cavity lengths. A reliable agreement was obtained, including Strouhal numbers very close to the standard value of 0.3. The analysis of the numerical results has also revealed a low void ratio in the main part of the liquid/vapor mixture (lower than 30%, excepted at the foil leading edge during some phases of the periodic cycle). To confirm this result, an experimental device based on an endoscopic visualization of the two-phase medium is developed at ENSTA. This work currently comes up against difficulties to light efficiently the inner part of the cavity.
